ABSTRACT: 3D core-shell nanostructures could resolve key problems existing in conventional planar deep-UV LED technology due to their high structural quality, high-quality non-polar growth leading to a reduced quantum-confined Stark effect, and their ability to improve light extraction. Currently, a major hurdle to their implementation in UV-LEDs is the difficulty of growing such nanostructures from AlxGa1-xN materials with a bottom-up approach. In this paper, we report the successful fabrication of an AlN/AlxGa1-xN/AlN core-shell structure using an original hybrid top-down/bottom-up approach, thus representing a breakthrough in applying coreshell architecture to deep-UV emission. Various AlN/AlxGa1-xN/AlN core-shell structures were grown on optimized AlN nanorod arrays. These were created using Displacement Talbot Lithography, a two-step dry-wet etching process, and optimised AlN MOVPE regrowth conditions to achieve the facet recovery of straight and smooth AlN non-polar facets, a necessary requirement for subsequent growth. Cathodoluminescence hyperspectral imaging of the emission 2 characteristics revealed that a 229 nm deep-UV emission was achieved from the highly uniform array of core-shell AlN/AlxGa1-xN/AlN structures, which represents the shortest wavelength achieved so far with a core-shell architecture. This hybrid top-down/bottom-up approach represents a major advance for the fabrication of deep-UV LEDs based on core-shell nanostructures.
defects, which can act as non-radiative recombination centres in AlN and AlxGa1-xN materials, 13, 14 the low carrier injection and difficulties in achieving efficient p-doping in AlN-rich AlxGa1-xN alloys, 15, 16 the poor light extraction, 17, 18, 19 and the internal electric field in quantum wells, 20, 21 which are exacerbated compared to GaN due to the much larger spontaneous polarisation properties of AlN-based materials. 22 In a large part, these challenges result directly from the approach employed to fabricate these LEDs, which is nowadays based on a planar technology. The use of 3D nanostructures is an approach to address and mitigate some of these challenges. In particular, the use of nanorod arrays can allow the reduction of extended defects compared to those in the initial planar template by means of dislocation bending 23 or filtering, 24, 25 thus reducing the threading dislocations density in the active region. Furthermore, a core-shell nanostructure configuration, with the core along the cdirection, involves radial growth of the quantum wells (QWs) on non-polar facets where strong spontaneous and piezoelectric polarisation are absent. 26 The mitigation of the quantum-confined Stark effect (QCSE) will improve the overlap between electron and hole wave functions and thus the emission efficiency. Additionally, high densities of basal-plane stacking faults (BSFs) have been observed in planar non-polar AlGaN layers, 27 since BSFs can effectively compensate lattice translations between islands that occur during the early stage of heteroepitaxial growth. 28 In contrast, nanostructures aligned along the c-direction are formed from growth in the polar direction, for which BSFs are not observed away from the substrate interface. Therefore, the nonpolar sidewalls of core-shell nanostructures offer the prospect of a higher structural quality for the QWs, and hence an increase in the internal quantum efficiency (IQE). Moreover, the QW growth, occurring radially to the nanorod core, can dramatically increase the overall emitting area over that of a planar equivalent. 29 Such a benefit is important because poor efficiency in nitride LEDs at high current injection occurs at high carrier densities. Spreading a high current over the larger emissive surface area of core-shell structures brings the device back into its high-efficiency, lowcarrier density regime. 30 Finally, the use of nanostructures also improves the light extraction efficiency (LEE) of the devices, for example by randomising the angular distribution of the photons in the LED. 31, 32 However, a key obstacle to the implementation of core-shell structures in UV devices is the difficulty of growing such regular structures in AlxGa1-xN-based materials. In this paper, we present uniform and organised core-shell AlN/AlGaN/AlN nanorod arrays with a vertical nonpolar AlGaN/AlN single QW, using this hybrid top-down/bottom-up approach. The emission characteristics of the AlGaN/AlN QW are studied in detail by cathodoluminescence hyperspectral imaging. Uniform emission from the non-polar facets is tuned to cover the UV-C spectral range from 265 nm to 229 nm, which represents the shortest wavelength achieved so far with a core-shell architecture. The results show the potential of the hybrid top-down/bottom-up approach to achieve nonpolar core-shell AlGaN/AlN nanorod arrays on a wafer scale to achieve deep-UV light emitting devices.
RESULTS AND DISCUSSION
The AlGaN/AlN nonpolar core-shell nanorod array was fabricated using a hybrid approach composed of top-down etching and subsequent bottom-up MOVPE regrowth. To create the AlN nanorod cores, a ~4-5 µm AlN template grown by MOVPE on (0001) sapphire substrates was employed. We used Displacement Talbot Lithography (DTL) to fabricate a metal dot mask via a lift-off process, in a similar way to our previous work. 38, 47 A detailed description of the DTL patterning and lift-off process is presented in the Methods section. This fast and robust fabrication process, performed on a full 2-inch wafer, allows the creation of a hexagonal array of metal dots with a diameter of ~250 nm and a pitch of 1.5 µm, as shown in Figure S2 .
Inductively coupled plasma (ICP) etching with a chlorine chemistry was then used to transfer the metal mask into the 2-inch AlN template, following the optimum etching conditions presented in our previous work and detailed in the Methods section. 38, 47 A potassium hydroxide (KOH) based wet etching was then applied by soaking the wafer in AZ 400K at 20 °C. Figure 1 .a shows an SEM image of the resulting smooth and straight sidewalls created after both the dry and wet etching processes. This is further evidenced by TEM observation on scratched AlN etched nanorods in show a tilted-view of the AlN etched and faceted nanorods, respectively. This significant advance results from the choice of AlN regrowth conditions and the initial morphology and configuration of the AlN nanorod array after the two-step etching process. Firstly, the formation of smooth and straight facets is enhanced at low pressure and high V/III ratio. 47 Low pressure enhances Al-adatom diffusion, allowing a complete coverage of the AlN nanorod. High V/III ratio reduces the growth rates of both the c-and m-planes relative to the a-plane growth rate, favouring a complete coverage of the AlN nanorod, but also mitigating the growth on the top pyramidal part, which is not favourable for a smooth and straight facet regrowth. 46, 47 Secondly, the use of straight and smooth AlN etched nanorods prevents the formation of regrowth steps that can be induced by etch damage, especially in these growth conditions where the m-plane growth rate is lowered. 47 The small nanorod diameters used in this work allows the formation of m-plane facets along the whole height of the nanorod, which is not the case for larger diameters. 47 Finally, the use of a relatively large 1.5 µm pitch allows good gas-phase diffusion of the growth reagents to the base of the nanorods, which ensures that there is no variation in the m-plane growth rate along the height of the nanorod. The high intensity of the defect luminescence is partly due to the low vacuum mode in which the CL images where acquired and is not indicative of the quality of the sample (see Supporting
Information for further discussion). The defect band, initially observed in the AlN template, 47 could be related to O-complexes and/or Si-complexes and other native defects, such as vacancies. 38, 47, 52, 53 The AlGaN SQW shows two emission energies: one centred around 5.13 eV (242 nm) on having a higher intensity and localised at the corners between the semi-polar and non-polar nanorod facets. The small energy shift occurring at the corners between the semi-polar and nonpolar planes could be due to a change of the surface morphology at the intersection, preferential incorporation of species as a result of strain relaxation at the corners, or from a local change of the QW thickness, similar to that observed for InGaN/GaN core-shell structures. 54, 55 Note that the higher intensity could also result from a local change to the QW thickness or enhanced light extraction. can also arise from the growth of a thicker layer since it leads to preferential incorporation of species on strain-relaxed regions. 54, 55 This preferential incorporation can lead to the formation of a quantum-wire-like structure that will enhance the recombination rate and hence the intensity.
Regardless of the small non-uniformity of the emission observed for AlGaN SQW 3, the overall SQW intensity is drastically improved for growth conditions of AlGaN SQW 3. Indeed, while the AlN NBE emission remains more or less at the same intensity (~10 5 counts) between AlGaN SQW 2 and 3 (respectively, Figure 5c and 5f), the AlGaN SQW intensity is increased by an order of magnitude in AlGaN SQW 3. Similarly, significant improvement in the nanorod intensity relative to the planar c-plane is also observed. This can be clearly observed in Figure 6 (~230 nm) 60 depending on the strain in the QW, its thickness and the internal electric fields.
60,61
For m-plane growth, the change in the SQW symmetry results in a modification of the valence subbands which leads to the lowest energy transition being strongly polarised along E||c for a wide range of Al compositions. 62, 63 Hence, the emission is likely to be polarised along E||c for both the bottom c-plane and lateral nanorod m-planes, with the latter orientation resulting in less reabsorption due to reduced guiding in the plane of the QW. Further improvement for AlGaN SQW 3 could be due to higher carrier confinement and/or reduced carrier leakage due to the thicker QW. These results demonstrate that optimising the growth conditions enables tuning of the emission wavelength and significantly improves the intensity while maintaining a high or relatively high emission uniformity from the whole height of the nanorods. A striking result that is observed in all the AlGaN SQWs relates to the peak emission wavelength coming from the different planes. As observed in the line spectra extracted along the height of the nanorods in Figure 5 .c and 5.f and on the CL spectra acquired on both c-planes and m-planes in Figure 6 , no difference in the peak wavelength was observed between different planes.
The resulting high uniformity of the emission of the overall core-shell structures, irrespectively of the plane orientation, represents a major advantage compared to visible InGaN/GaN core-shell structures where the indium incorporation is highly sensitive to the plane orientation. 64, 65 For visible InGaN/GaN core-shell structures this generally induces a change of the EL peak emission position as a function of the injection current. 36 It should be noted that although several electrically-injected InGaN/GaN core-shell LEDs emitting in the visible have been demonstrated, there are still further obstacles before devices based on AlGaN/AlN core-shell structures are realised. One major issue is the poor n-type conductivity of the AlN layer forming the core. This could be circumvented by the use of mid to high Al content n-type AlGaN layer for which relatively good carrier density has been reported. 66 Since the hybrid top-down/bottom-up approach can be transferred to any III-nitride template, both binary and ternary alloys, its application to state of the art n-type AlGaN layers represents the most promising solution for electrically-injected core-shell structures emitting in the deep UV.
CONCLUSION
The paper demonstrates an original and reproducible approach for creating highly uniform and 
